Abstract. The biological reduction rate of Fe(III) was studied using dissimilatory ferric reducing bacterial cultures (FeRB) in an attempt to establish a biotechnological via for the metallurgical treatment of iron ores. Enrichment cultures of dissimilatory ferric reducers were obtained from samples collected from a flooded acidic open pit in an abandoned Pb and Zn sulphide mining site nearby La Unión (Murcia, Spain). Adapted cultures were able to reduce 3 g/L of soluble Fe(III) with 100 efficiency in 36 hours. The growth of mixed cultures was also tested in solids. Ferrihydrite and ammonium jarosite served as electron acceptors in cultures where lactate acted as electron donor. Bacterial growth was also positive in both cases. This result represents an effective alternative to the chemical reduction of ferric minerals that avoids extreme temperatures when pyrometallurgical reactors are used. In addition, three species of FeRB were isolated and identified as Serratia fonticola, Aeromonas hydrophila and Clostridium celerecrescens. One of them, Aeromonas hydrophila, results of particular interest and, at the present moment, is being studied in depth. The particular significance of Aeromonas hydrophila is related to the characteristics of its exhausted cultures, where ferrous iron remains solved at pH values next to 7. At the present moment, the identification and characterization of the Fe(II) soluble complex is being account.
Introduction
At present, the scientific and technological community is making big efforts all over the world in proposing alternatives to reduce anthropogenic CO 2 emissions. The iron and steelmaking industry is responsible for an important percentage of those emissions. Its contribution to the global warming impact is about 650 million tons of CO 2 per year, which makes that industry the fourth largest consumer of fossil fuels [1] . The most energy intensive stage, the reduction step in the blast furnace, is mainly driven by the requirement of carbon as reducing agent. A strategy for diminishing the environmental impact is to perform a pre-reduction of the feed material at lower temperatures. Biological processes take place at temperatures around 30-37ºC and, in addition, some microbial species may use residual materials -such as CO 2 -as its source of life. In this way, microbial processes can be a good and economic solution to attenuate anthropogenic damages. A new biotechnological approach to improve the environmental impact of the steelmaking industry is related with the use of FeRB. FeRB are able to grow using as a source of energy the same iron compounds employed in the steelmaking process. There is a considerable number of works published on the physiology of this group of microorganisms and their role in the anaerobic bioremediation of metals and organic contaminants [2] . However, the possibilities related to the application of FeRB as an alternative in the reduction of iron ores have not studied up to date. An enrichment culture from an abandoned mine was used to investigate and identified indigenous iron reducers. The growth kinetic of FeRB was evaluated with soluble and two insoluble iron Fe(III) oxides. The isolation of three species, Serratia fonticola, Aeromonas hydrophila and Clostridium celerecrescens, with dissimilatory Fe (III) reducing metabolism was also achieved.
Materials and Methods
Microbiological sampling site. The samples for the microbial study were collected from the edge of an open-pit lake surrounding an extinct mining site, named "Brunita" (formerly an exploitation of Pb-Zn ores), near La Unión (Murcia, Spain). Samples for enrichment, named "B-Orilla", were taken at a moderately acidic site (pH 4). Samples were taken with a box-corer and, once collected, settled in sterile tubes containing deionized water. Then, the mixture was agitated vigorously and inoculated using sterile syringes in vials containing specific basal media for dissimilatory Fe(III) reducers. Vials headspace was previously bubbled with a sterilized gas mixture of N 2 /CO 2 (80/20 vol/vol). Microbiological growth conditions: enrichment cultures. A Fe(III) reducing enrichment culture ("B-orilla") was obtained after 10 successive transfers (10% of inoculo) and depurated for Fe(III) reducing activity. The starting conditions were as follows: 6.0 g (ca.) (wet weight) of the soil sample ("B-orilla") was added to 60 mL of sterile basal medium. The basic salt composition corresponded to the Postgate C medium (BRS) [3] plus Fe(III) ion added as Fe(III) citrate (60 mM as soluble Fe 3+ ) [4, 5] . The pH was adjusted to 7.0. Each culture medium was dispensed into glass flasks where the air headspace was replaced with N 2 /CO 2 (80/20, v/v), capped with butyl rubber stoppers and sealed with an aluminium crimp. Sterilization was accomplished in an autoclave at 121° C for 30 min. Kinetics studies. The kinetic of Fe(III) reduction was tested in vials containing 54 mL of Postgate C medium supplemented with Fe(III) citrate (60 mM in Fe 3+ ). An inoculo of 6 mL, obtained previously after ten successive transfers in the same conditions, was added at the start of the experiment. Bacterial cultures were maintained in the dark, in anaerobic and static conditions at 30ºC. All reported data of kinetics tests are averages of two parallel bottles. In order to avoid any discrepancy caused by physiological changes of the bacterial culture, all experiments were inoculated with the same inoculum, as Li described [6] . Monitoring cultures: sampling and analysis. Fe(II) and total iron were the parameters selected for checking the kinetic growth. Duplicate samples of 0.5 mL were removed from each culture at selected sampling times and placed in tubes containing 1M HCl. Acid-extractable Fe 2+ was determined by the ferrozine method [7, 8] . Total iron in solution was determined in the same acid dilute solution by atomic absorption spectroscopy in a Perkin-Elmer HGA 700. In cultures where precipitates formed, two samples were withdrawn: one sample was taken from the clarified supernatant solution of the settled bottles and the other from the shaken vials. XRD. At the end of the kinetics trials, solids were recovered and preserved for identification. In order to prevent their oxidation, the samples withdrawn were kept in vials previously burbled with a gas mixture of CO 2 /N 2 (80/20 vol/vol). The mineralogical characterization of all samples was carried out in a Phillips X'pert-MP X-ray diffractometer (XRD) using Cu-Kα = 1.5406 Ǻ, a scan range from 10º to 70º 2θ with an angular interval of 0.05º and 4 s counting time. The identification of the crystalline phases was accomplished using standard cards from the International Centre for Diffraction Data (ICDD). Growth on Fe(III) oxyhydroxides. The growth of the enrichment culture "B-orilla" was also tested on two different oxyhydroxides. Amorphous Fe(III) oxyhydroxide (ferrihydrite, Fe 2 O 3 .0.5 H 2 O) was synthetized by neutralizing a 0.4 M solution of FeCl 3 at pH 7 with NaOH according to Schwertmann [9] . Ammonium jarosite ((NH 4 )Fe 3 (SO 4 ) 2 (OH) 6 was recovered from a extenuate culture of the termophilic bacteria Sulfolobus metallicus grown in Norris medium at pH 1.8.
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Isolation of Fe(III)-reducing bacteria. Isolates were obtained by spread plating 100 µL from a depurated culture of B-orilla. The media for the Petri dishes was the same as described above (Postage C media supplemented with Fe(III) citrate) plus agar (10 g/L). Petri dishes were incubated at 30ºC in anaerobic jars (Oxoid). Individual colonies were transferred anaerobically into 10 mL serum bottles containing Postage C medium and Fe(III) 60 mM. Fe(II) production was confirmed spectrophotometrically using ferrozine method. Once Fe(II) reduction was confirmed, each isolate was examine for purity by streaking again into the same solid medium. Figure 1 shows the growth kinetics of the mixed culture B-orilla using soluble Fe(III) as electron acceptor. A 100% of bioreduction was reached in less than 36 hours. Fe 2+ did not remain in solution but precipitated as the microbial growth progressed (see in Fig. 1 how Fe 2+ (aq) goes down and Fe(II) extracted from solid phase goes up). At the end of the trials, all Fe(II) was associated to the solid phase. X-ray diffraction analysis of the blackish-grey solids recovered revealed vivianite (Fe 3 (PO 4 ) 2 .8H 2 O and siderite (FeCO 3 ) as the ferrous iron compounds present. Those are common compounds identified in cultures grown on soluble Fe(III) as energy source [9] . Bacterial growth on Fe(III) oxyhydroxides. "B-orilla" culture was adapted to grow on Fe(III) using two different oxyhydroxides and without any other source of electron acceptor. The two solids tested were dissolved under dissimilatory Fe(III) reduction conditions (Fig. 2) . The percentage of bioreduction reached was around 50% for ferrihydrite and 60% for ammonium jarosite. A drawback related to the bacterial growth on ferrooxihydroxides is that its bacterial attack provokes the precipitation of Fe(II) on the surface of the solid making it inaccessible for bacteria. In addition, Fe(III) may be dissolved co-precipitating with Fe(II). In the present case, a black solid, identified as magnetite, was observed at the bottom of the vials. The ultrafine-grain magnetite is an extracellular iron compound (Fe 2 O 3 .FeO) resistant to bacterial reduction and responsible for the bacterial growth stop [11, 12, 13] 
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